Temperature, H 2 O, and O 3 profiles, as well as CO 2 , N 2 O, CH 4 , CFC12, and SST scalar anomalies are computed using a clear subset of AIRS observations over ocean for the first 16-years of NASA's EOS-AQUA AIRS operation. The AIRS Level 1c radiances are averaged over 16 days and 40 equal-area zonal bins and then converted to brightness temperature anomalies. Geophysical anomalies are retrieved from the brightness temperature anomalies using a relatively standard optimal estimation approach. The CO 2 , N 2 O, CH 4 , and CFC12 anomalies are derived by applying a vertically uniform mul-5 tiplicative shift to each gas in order to obtain an estimate for the gas mixing ratio. The minor gas anomalies are compared to the NOAA ESRL in-situ values and used to estimate the radiometric stability of the AIRS radiances. Similarly the retrieved SST anomalies are compared to the SST values used in the ERA-Interim reanalysis and to NOAA's OISST SST product.
The CO 2 tropospheric sounding region in the 700-780 cm -1 region shows a sharp increase in the bias of about 0.6K (depending on channel) that is due to the fact that the ERA-I based radiance simulations used a constant amount of CO 2 set at 385 ppm.
This feature will go through zero bias and become negative by approximately the same BT amount at the end of our 16-year 125 test period.
5 https://doi.org/10.5194/amt-2019-504 Preprint. Discussion started: 31 January 2020 c Author(s) 2020. CC BY 4.0 License. Figure 3 shows the linear trend for the clear dataset averaged over ±50 o latitude. Channels used in the anomaly retrievals are denoted in red, and the BT trend uncertainty is in yellow.
These BT trends prominently exhibit the growth in CO 2 in the tropospheric channels from 700 to 750 cm -1 , which results in a negative change in the observed BT since increasing CO 2 shifts the emission to higher and therefore colder regions of the atmosphere. The growth in CO 2 in the stratospheric channels (a positive BT change) below 700 cm -1 is roughly cancelled 130 by cooling in the stratosphere. All window channels exhibit warming, with larger values in the shortwave past 2450 cm -1 .
The non-uniform spatial sampling of these clear scenes precludes any general statements about climate warming, although for these observations we clearly see warming, if the AIRS radiometry is stable. In addition, the effects of much stronger water vapor absorption in the long wave compared to the short wave windows makes definitive inter-comparisons of the BT trends complicated, which is addressed below by doing retrievals on these data. 135 
Construction of Anomalies
The clear scene radiance subset is sorted into 40 equivalent area latitude bins that cover the full -90 o to 90 o latitude range and are averaged over every 16 days. This results in a data set for the first 16-years of AIRS that has the size 40 x 2645 x 365 denoting latitude bins, AIRS L1c channels, and the total number of 16-day averages. The following time-series function was fit to these averaged radiances for each latitude and AIRS L1c channel, 
where t is AIRS mission times in years. The function models periodic variations in the radiances using an annual term and the first three harmonics. At 28 o N, for example, the annual amplitude relative to the mean radiance, c 1 /r o , has a median value (taken over channel) of 4.2%. The median amplitudes of the three harmonics terms, c 2 , c 3 , c 4 relative to r o is 0.32%, 0.45% and 0.23% respectively, all with 2-σ uncertainties of~0.05%.
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For the retrievals performed we created the radiance anomaly by inserting the linear trend into the residuals of the above time series fits, r a (t) = r obs − r(t) + a 1 t.
(2)
The linear term a 1 represents the linear-part of the minor gas signals we aim to measure. The a 1 terms are included in the anomaly time-series fits since they are a useful way to quickly understand AIRS trends and because this allows us to measure 150 a more correct lag-1 auto-correlation of the time series noise, which is used to estimate corrections for the uncertainties in the time-series parameters using the approach popularized in (Santer et al., 2000) . The radiances anomalies were converted to brightness temperature units
for our retrievals. The 40 x 2645 x 365 array of BT a vectors are the retrieval inputs y as denoted in the retrieval formation 155 discussed in Sect. 4.
All uncertainties quoted in this paper derived from time series are for 95% uncertainty levels and are lag-1 corrected for correlations in the time series residuals. The anomaly BT time series mean BT spectra and their standard deviations are shown in Figure 4 for the 28.4 o N latitude bin. The BT anomaly is set to zero at the mission start, therefore the mean BT in the CO 2 region is -0.5K given that it changes 160 by by~-1K during the mission. The standard deviation indicates that the SST (and H 2 O continuum) vary by~1K during this 7 https://doi.org/10.5194/amt-2019-504 Preprint. Discussion started: 31 January 2020 c Author(s) 2020. CC BY 4.0 License. time period. Some of this is likely due to changes in sampling from day to day. The upper-tropospheric water vapor has the highest variability, which is expected due to both the variability of water vapor in time, and our non-uniform sampling.
An example radiance BT anomaly for the 710.141 cm -1 channel is shown in Fig. 5 , for the same latitude bin. This channel is heavily influence by the CO 2 growth, so the AIRS observed trends are becoming more negative, although there is considerable 165 noise, again due to weather and sampling. For comparison we also plot the ERA-I simulated BT anomaly, which does not contain the CO 2 growth, since it is set to a fixed value of 385 ppm in the simulations. The difference between these two BT anomalies will primarily be due to CO 2 growth, and is shown in black. Note that since the ERA-I tracks the atmospheric state quite accurately most of the time-series "noise" is removed. This helps lend credence to our use of the ERA-I model fields for Jacobian evaluation. 4 Retrieval Methodology
Approach
Geophysical retrievals are derived from BT anomalies, y(ν) ≡ BT a (ν, t), by minimizing the cost function J
where S is a diagonal observation error covariance matrix containing the square of the BT noise, K are the anomaly Jacobians, 175 and R is a regularization matrix. The retrieved atmospheric state x (the geophysical anomalies) are given by
A-priori estimates for x a (t) ≡ 0 for T(z), O 3 (z), H 2 O(z) and T SST were set to zero. Two approaches were used for the minor gas a-priori estimates. The first approach set x a (t) = x a (t − 1) where x a (t = 0) = 0 for the minor gases, iteratively increasing the a-priori gas amount in time based on the previous 16-day retrieval.
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Another approach used the known growth rates in the minor gases (from ESRL) by setting x a (t) = g * (t − t o ) for the apriori minor gas amount, where g is the nominal yearly growth rate for each gas from the NOAA ESRL atmospheric gas trends. For both approaches we set the a-priori covariance to g times one year, the yearly variation in that gas. Nearly identical results are obtained if we used g times five years. The iterative approach for setting the minor gas a-priori produces noisier The retrieval approach is standard Optimal Estimation (OE) (Rodgers, 1976) enhanced to include both covariance and empirical Tikhonov regularization in R (Steck, 2002) . Here we use Tikhonov L1-type derivative smoothing. Forward model 190 uncertainty is not included in the measurement error covariance.
The temperature, H 2 O, and O 3 profile retrievals use 20 atmospheric layers, selected from the AIRS standard 100-layer pressure grid by accumulating five of the standard AIRS layers at a time. The lowest layer is about 1.5 km thick, with increasingly wider layers as you go higher in the atmosphere. This layering scheme allows more layers then degrees-of-freedom (DOFs) although it does limit retrievals in the upper-stratosphere. We wish to minimize our sensitivity to 195 the upper-stratosphere since our comparisons to in-situ measurements are made in the troposphere. Consequently we removed all channels peaking above 10 hPa.
Most of the regularization in the retrieval comes from the Tikhonov terms, since we do not want to invoke climatology too strongly for a climate level measurement. Appendix B discusses the profile retrievals, and simulations of these retrievals, in more detail. In summary, after experimentation with Tikhonov regularization we added some a-priori covariance uncertainties 200 in temperature and water vapor of 2.5K and 60% respectively. These a-priori covariance uncertainty terms improved simulated retrievals and profile trends generated from these retrievals by 3-10%.
The observation error covariances were derived by averaging the noise from each observations contributing to the averaged anomaly being retrieved. Originally a fixed value of 0.01K observation noise was used, but we found that this noise value depressed the CO 2 anomaly retrievals as they grew in size over time. This problem disappeared once we switched to the true 205 measurement noise values, which are in the range of noise equivalent brightness temperature (NEDT) equal to 0.004K for long wave CO 2 channels, about 0.001K in window regions, and 0.001 to 0.002K in the water bands.
As stated earlier, the profile Jacobians used the ERA-I profiles, which were converted to anomaly profiles for each pressure layer. The minor gas Jacobians were computed using our pseudo line-by-line kCARTA radiative transfer algorithm (Strow et al., 1998; DeSouza-Machado et al., 2019) . kCARTA allows for extremely accurate Jacobian calculations, including analytic 210 trace gas and temperature Jacobians. Initial retrievals used a fixed value for the minor-gas Jacobians. However, given the large increase in the minor gases (10% for CO 2 ), we determined that the minor-gas Jacobians need to be updated as the gas amounts increase. Therefore we used finite-difference Jacobians, computed using the minor gas amount retrieved from the previous time-step during the anomaly retrievals (or from the gas amount estimated using NOAA ESRL in-situ gas amount data). The minor gas profiles used in the Jacobian calculations are from (Anderson et al., 1986) . The CO 2 profile is essentially constant 215 in ppm until you reach the highest atmospheric layer.
There exists a weak dependence of these retrievals on the ERA-I model fields since we use the ERA-I model fields for the temperature, H 2 O, and O 3 profiles in the profile Jacobians, K. While we could retrieve the atmospheric profiles from the full radiance at each time step and latitude zone, ERA-I is so accurate we do not believe this is needed. Moreover, we do retrieve the profile anomaly in each step, so we are not dependent on the actual ERA-I model values for the retrieval other than a weak 220 dependence via the Jacobians. In the results shown later the impact of attempting to use the ERA-I profile anomalies, rather than retrieved profile anomalies, is presented. The end result show conclusively that we did need to retrieve the true profile anomalies, using ERA-I profile anomalies, for example, results in increased errors in the trace gas retrievals.
Channel Selection
As discussed in Section 2 only channels that remain A+B throughout the mission are used, noting that the designation A+B 225 does not apply to detectors in the M-11 and M-12 long wave detector arrays. Initial retrievals showed that the AIRS short wave detectors are drifting slightly, so these channels are also excluded from the anomaly fits (except for demonstration tests as discussed below). Unfortunately, the use of only A+B detectors greatly restricts the number of available channels in the important long wave CO 2 temperature sounding region from 710-780 cm -1 , where many channels are either A-only or B-only.
It is important to weight these channels relatively strongly in the retrieval minimization. Since we also wish to de-emphasize 230 stratospheric contributions to the minor-gas rates only every 5th channel from 650-720 cm -1 was included in the retrieval. In addition, any channels in this range with Jacobians that peaked above 10 hPa were excluded.
All channels in the M-5 array were excluded since they have relatively poor radiometric stability (as will be shown later).
Several window channels that are sensitive to CFC11 were excluded, although many channels sensitive to CFC12 were included, and CFC12 trends were retrieved. Many H 2 O channels were included, since they are mostly A+B and have been stable 235 throughout the mission. After some experimentation, four channels sensitive to N 2 O were also excluded since they appear to be behaving significantly out-of-family. Three of these channels are located near the end of the M-4c array, which also exhibits some anomalous frequency shifting behavior (Aumann) .
A total of 470 channels remained after this pruning process. These channels are nicely distributed throughout the AIRS spectrum and are easily sufficient for 1D-var retrievals. The overall sensitivity of the anomaly retrievals to CO 2 is shown is shown in Figure 6 where the mean CO 2 Jacobian, averaged over all channels, is plotted. The CO 2 sensitivity peaks around 400 hPa, and drops to near zero at the surface. There is some dependence on stratospheric CO 2 , but stratospheric CO 2 trends, especially in the lower stratosphere, should track the 245 tropospheric trends, albeit with growth rates that are slightly influenced by previous years due to age-of-air. This figure also 10 https://doi.org/10.5194/amt-2019-504 Preprint. Discussion started: 31 January 2020 c Author(s) 2020. CC BY 4.0 License.
shows the mean CO 2 Jacobian is all channels below 700 cm -1 are removed (all sensitive to the stratosphere). Retrieval tests using this restrictions are discussed later.
Temperature and Minor Gas Jacobian Co-linearity
A non-standard "correction" is made to the minor gas retrievals that attempts to correct for the co-linearity of the temperature 250 and minor gas Jacobians. CO 2 retrievals using hyperspectral infrared are difficult because of this co-linearity. As stated above,
the ERA-I model fields are matched one-to-one with each clear observations, followed by a RTA computation of a simulated radiance, using constant amounts of minor gases throughout the mission. Since the ERA-I spectral anomalies are very similar to to observed AIRS anomalies, we can partially evaluate the effect of the Jacobian co-linearities by retrieving the minor gas amounts from the ERA-I simulated anomalies that contain no minor gas variations. We illustrate this with CO 2 retrievals in While the long-term trends are not very sensitive to this removal of co-linearity, the lowered noise this approach affords is extremely useful for detecting and understanding shifts in the AIRS radiometry due to various instrument shutdowns that occurred over the mission. 
AIRS Events
Evaluation of the anomaly retrievals requires some knowledge of the AIRS mission events. Table 1 summarizes the major events during the AIRS mission that had thermal consequences for either the spectrometer or the focal plane arrays. While most of these events were minor, recent measurements of the AIRS frequency shifts (Aumann) highlight that these events are associated with small shifts in the AIRS frequency scale. These shifts are indicative of very small movements of the detectors 265 relative to the instrument spectrometer axis, and therefore they could also affect the absolute radiometry because viewing angles to the Earth and cold scenes might change every so slightly. We will refer to these events during discussions of the anomaly retrieval results. 
Truth Anomalies
The retrieved minor gas anomalies are compared to the NOAA Earth System Research Laboratories (ESRL) monthly mean 270 data derived from in-situ measurements (Tans and Keeling) . We chose the ESRL Mauna Loa, Cape Grim, and Global mean data for CO 2 , N 2 O, and CH 4 . Monthly anomalies for these in-situ datasets were computed using the same methods used to compute the BT anomalies for consistency. We focus mainly on the global CO 2 ESRL anomalies since they are derived from a wide geographical range and sites and carefully merged to avoid local sources. The N 2 O ESRL anomalies provide information on AIRS channels in the 1250 -1310 cm -1 region that are distinct from the main CO 2 channels below 780 cm -1 . (There are also 275 strong N 2 O channels in the short wave band of AIRS.) The CH 4 anomalies mostly probe AIRS channels from 1230 to 1360 cm -1 . There is some concern that CH 4 anomaly trends may have more spatial variability than CO 2 and N 2 O, however we find good overall agreement with the ESRL global CH 4 trends, and CH 4 provides some sensitivity to channels that overlap with N 2 O, but extend a bit further into the water band.
We focus mostly on the use of CO 2 for AIRS stability estimations since CO 2 is so well measured and has the largest BT 280 signal in the AIRS spectrum (relative to N 2 O and CH 4 ). In addition, the N 2 O and CH 4 spectra overlap strongly in the AIRS BT spectrum, possibly introducing some retrieval uncertainty relative to CO 2 . Absolute errors in the ESRL CO 2 data are estimated to be~0. to the CO 2 anomaly, which is a relative measurement. Therefore it is difficult to definitively estimate the ESRL anomaly trend uncertainty. If the yearly growth rate uncertainties of 0.07 ppm/year are random, then the average of 16 of these growth rates would be 0.018 ppm/year, which corresponds to a percentage uncertainty of 0.8% in the anomaly trend.
Estimates for N 2 O and CH 4 anomaly trend uncertainties using the ESRL stated uncertainties in yearly growth rates, and assuming these are random errors each year, are 3.5% and 2.4%. These larger uncertainties, and the smaller total impact of 290 these two gases on the AIRS BT anomalies, suggest that the best estimates for AIRS stability are likely derived from the CO 2 anomalies.
Short Wave Trends
Most of the anomaly retrievals performed here only included AIRS channels in located below 1615 cm -1 , avoiding the short wave channels in the 2181 to 2665 cm -1 region. Early retrievals showed that the AIRS short wave channels exhibit a positive 295 trend compared to the longer wave channels. Moreover, anomaly fits to just the short wave channels return SST trends that are significantly larger than both the long wave channels and both the ERA-I (OSTIA) and OISST SST products.
The behavior of the AIRS short wave channel relative to the long wave is easily seen in the anomaly retrieval fit residuals. Figure 8 shows the mean value (taken over the 365 16-day time steps for ± 30 o latitude) for the residuals. All AIRS L1c channels are plotted, which includes many bad channels, and channels that do not exist but are filled during L1c creation.
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The channels selected for the anomaly fits (see Sect. 4.2) are shown in red circles. The fit residuals for channels used in these retrievals are almost all well below 0.02K. However, the short wave channels show anomalies inconsistent with the long wave of up to~0.07K in the window channels past 2450 cm -1 .
The anomaly retrievals can respond to drifts/offsets in the AIRS radiances by retrieving geophysical variables (CO 2 , temperature, etc.) that vary incorrectly in time. Alternatively, un-physical changes in the radiances could also be reflected in larger possibility is to look for any remaining trends in the anomaly fit residuals. These are shown for the same data set used in Fig. 8 in Fig. 9 . Most of the channels used in the anomaly fits have residual slopes below 0.002K/year, although careful examination of the residual time series for particular channels can exhibit jumps associated with AIRS shutdowns.
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The main observation in Fig. 9 is a clear positive trend in the short wave relative to the longer wave channels used in the retrievals. The (AIRS -ERA) SST trend plotted as a solid horizontal line in this figure (discussed in Sect. {sec:sst}) shows that the AIRS short wave trends are more different from the ERA-I SST trends than the long wave channels. Most of the short wave channels, including those in the mid-troposphere, exhibit positive trends relative to the long wave, except for some channels that are peaking very high in the stratosphere, below 10 hPa, that are marked in gray.
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Consequently, unless otherwise noted, all the remaining results presented here use avoid the short wave channels, and use the channel set (470 channels) denoted in these figures. Figure 10 . Retrieved CO2 anomalies compared to ESRL global in-situ data. The CO2 anomaly difference between AIRS and ESRL is shown in yellow. The magenta curve is that difference converted into BT units. Figure 10 shows the retrieved CO 2 anomalies averaged over ± 50 o latitude in blue and the ESRL global anomaly product in red. The correspondence over time is excellent. The AIRS minus ESRL anomaly differences are shown in yellow.
CO 2 Anomaly Retrievals
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In order to convert the variation in the gas anomalies to an equivalent AIRS BT anomaly temperature we computed anomaly retrievals with the observed AIRS BT anomaly spectra modified by a 0.01K/year ramp, for all channels. This 0.01K/year ramp is divided by the resulting changes in the CO 2 anomaly linear trends (ppm/year) to obtain the sensitivity of the retrieval to a trend in the AIRS radiances, in K/ppm. For CO 2 this sensitivity is 0.073K/ppm. This is about 2X larger than the largest column Jacobians in the AIRS spectra, which have a value of~0.030K/ppm. This is not unexpected, since the CO 2 column 325 measurement is partially a relative measurement, especially for weak CO 2 channels in the window region where the absolute BT errors are mostly accounted for by (incorrect) adjustments in the SST that minimize the effect of the 0.01K/year applied ramp. It is also possible that the temperature profile could also adjust to minimize sensitivity of the ramp on the CO 2 ppm values. In addition, this sensitivity estimate assumes all AIRS channels are drifting, which is clearly an approximation given the results shown here.
330 The magenta curve in Fig. 10 is the (AIRS minus ESRL) anomaly differences converted to BT units using the 0.073K/ppm sensitivity factor. This curve has been slightly smoothed for clarity. The right-hand side vertical axis shows the variations in this curve in BT units. Most of the BT variability is within ± 0.05K, however a transition in BT in late 2003 is larger. This larger transition is likely due to the Nov 2003 shutdown of the AQUA spacecraft. The AIRS channel center frequencies were shifted due to this shutdown (Strow et al., 2006) and were subsequently corrected in the AIRS L1c product (Aumann; Manning 335 et al., 2019). In addition, as reported in (Strow et al., 2006) interference fringes in the AIRS entrance filters shifted after the Nov. 2003 AQUA shutdown because AIRS was restarted at a slightly different spectrometer temperature. The fringes change the AIRS spectral response functions, which has not yet been corrected in the AIRS L1c product radiances. Figure 11 illustrates the differences between the AIRS and ESRL CO 2 growth rates. The growth rate were computed using Eq. 1 where the input data is the CO 2 ppm anomaly rather than a radiance. Figure 11 shows the a 1 term in this equation, computed as a function of latitude. The CO 2 growth rates are not completely uniform from year-to-year, so Eq. 1 cannot perfectly fit the trend data. However, it provides a convenient metric for inter-comparing these two CO 2 anomalies. Note that the error bars shown for AIRS are slightly over-estimated because of the fact that Eq. 1 does not perfectly fit the slightly non-linear anomaly curve. The error estimates are for 95% confidence intervals and have been lag-1 auto-correlation corrected using the approach detailed in (Santer et al., 2000) .
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The Mauna Loa and Cape Grim growth rates are also shown, also derived using Eq. small, it could also be related to small inaccuracies in our retrieval algorithm. Since the CO 2 growth rate measurements are not sensitive to year-to-year variability in the CO 2 anomaly, we instead use the (AIRS -ESRL) global anomaly differences shown in Fig. 10 to quantify the AIRS stability. Any linear trend differences between the AIRS and ESRL CO 2 in Fig. 10 are quantified by fitting the (AIRS -ESRL) CO 2 anomaly differences to Eq. 1. Loa, and Cape Grim sites. The uncertainties are as before, 95% confidence intervals corrected for lag-1 auto-correlations. As one might expect, the global trends agree the best, and Cape Grim the worst. The higher errors for Cape Grim may be related to our clear subset having fewer samples at -40 o latitude relative to the 20 o latitude zone occupied by Mauna Loa. These mean differences are extremely small, corresponding, for global, to 1.5 ± 0.6% trend differences. Table 3 shows the conversion of the CO 2 ppm trend differences to equivalent BT differences using the 0.073 K/ppm sensitivity conversion. The baseline entry, first line of the table, represents the final configuration for the anomaly retrievals and represents our best estimate for the true differences between the ESRL and AIRS CO 2 anomaly trends, namely -0.023 ± 0.009 K/decade. This is an exceedingly small trend difference. While suggesting that AIRS is extremely stable, for channels sensitive to CO 2 and temperature, systematic errors may be larger than the differences reported here. Our optimistic estimate of the ESRL global anomaly uncertainty, 0.8%, is equivalent to 0.017 ppm/year or 0.27 ppm over 16 years. From Table 3 to an estimate for AIRS stability of -0.023 ± 0.009 K/decade.
In addition to the possible 0.8% uncertainty in the ESRL global trends, our AIRS anomaly retrieval could be in error if the CO 2 Jacobians are inaccurate. The HITRAN database (Gordon et al., 2017) reports uncertainties in the CO 2 line strengths of 1-2%. These uncertainties would translate into the same percentage error in the Jacobians. In addition, atmospheric spectra are 370 sensitive to line widths, line shape, line mixing, often at temperatures that are not measured in laboratory spectra. Characterizing the combination of these errors is essentially impossible, so here we assume a 1% uncertainty in the CO 2 Jacobians, using the line strength uncertainty only. If the ESRL 0.8% uncertainty is combined in quadrature with the 1% HITRAN uncertainty, a total minimum expected uncertainty in the CO 2 anomaly trends is 1.3%. This translates to a BT uncertainty of 0.02 K/decade, close to our mean trend difference between AIRS and ESRL based on the CO 2 anomaly measurements. This may be a more 375 accurate uncertainty estimate for this measurement rather than the 0.009 statistical uncertainty derived from fitting the AIRS minus ESRL anomalies. Table 3 also shows the results of a number of fit testing the sensitivity of the retrievals to various retrieval alternatives. The "No Strat" entry removed all channels that primarily sense the stratosphere by removing all channels below 700 cm -1 . Fig. 6 shows how this modifies the mean CO 2 Jacobian used in the retrieval, essentially removing all sensitivity to CO 2 above 60 380 hPa. Unfortunately channels above 700 cm -1 have some residual sensitivity to CO 2 in the stratosphere, and removing channels below 700 cm -1 may make it more difficult to properly minimize the retrieval residuals for some channels above 700 cm -1 . If S a is completely removed, removing a-priori profile regularization, the CO 2 anomaly trend difference increases by a factor of two. Removing the L1c frequency calibration adjustments increases the anomaly trend differences by nearly a factor of three, and changes their sign. If only short wave channels are fit (excluding channels that peak above 10 hPA, and some channels 385 sensitive to both carbon monoxide), the mean trend differences are more than three times larger than the baseline, again with a sign change.
The last test, labeled "ERA-I T(z)", examines the impact of performing simultaneous retrievals of temperature profiles while retrieving the CO 2 anomalies by using the ERA-I temperature profiles anomalies instead of fitting for them. This test increased the anomaly differences between AIRS and ESRL by almost a factor of three, with a significant increase in the uncertainty of 390 the trend, giving 0.35 K/decade instead of close to 0.009 K/decade for the baseline. almost two times higher than the global trend differences, but this is not surprising given the much lower number of observations at that latitude.
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The retrieved AIRS global CO 2 anomalies did detect a small seasonal pattern in the anomaly for latitudes above 40 o N of with an amplitude of~0.5 ppm. This is due to the residual of the seasonal cycle of CO 2 that is not completely removed when constructing the BT anomalies. Note that radiometric shifts or drifts in the AIRS BT time series could be either reflected in incorrect geophysical trends, or partially buried in the anomaly fit residuals. The high quality of the anomaly retrievals for CO 2 and the small fit residuals for 400 CO 2 channels strongly suggest that the AIRS blackbody is extremely stable, at least for long and mid wave A+B channels. The SST retrievals discussed later reinforce this conclusion. However, we do see evidence of radiometric shifts due to discrete AIRS events (especially for N 2 O and CH 4 ) that might be amenable to correction. Future work will include careful examination of both the anomaly retrievals and their residuals, likely in an iterative fashion, in order to determine what channels are responsible for unphysical shifts in the anomaly products.
N 2 O Anomaly Retrievals
The N 2 O retrieved anomaly time series is shown in Fig. 12. Clearly the observed N 2 O anomaly is growing slightly faster than the ESRL values. The N 2 O anomalies are converted to equivalent BT variations just as for CO 2 , but with a derived sensitivity of 0.140 K/ppb. Table 4 tabulates the derived trend for the (AIRS minus ESRL) anomaly by fitting the difference to Eq. 1, and then converting to BT units. The trend differences here are much larger than for CO 2 . Examination of either the AIRS minus Figure 13 . Retrieved CH4 anomalies compared to ESRL global in-situ data. The CH4 anomaly difference between AIRS and ESRL is shown in yellow. The magenta curve is that difference converted into BT units. To illustrate the effect of these two discrete shifts on the anomaly trend differences we empirically introduce a step in our 
CH 4 Anomaly Retrievals
The CH 4 retrieved anomalies have some similarities to the N 2 O anomalies, since the spectra of both gases occur in the same general spectral region. Figure 13 shows the CH 4 results using the same approach as for CO 2 and N 2 O. The ppb to BT 425 conversion for CH 4 was measured to be 0.023 K/ppb, significantly lower than for CO 2 or N 2 O, although total BT trend due to CH 4 is only marginally lower than CO 2 and N 2 O.
The high variability of atmospheric CH 4 growth is well known, as can be seen in the ESRL curve in Fig. 13 . The AIRS derived anomalies follow that variable growth rate quite nicely overall. It should be noted that the ESRL CH 4 curve is more variable than CO 2 and N 2 O, and may be less uniform globally, making CH 4 a less ideal gas for testing AIRS stability. However, 430 the AIRS minus ESRL anomaly differences are valuable in that they, like N 2 O, highlight discrete jumps that can often be identified with AIRS events, such as late 2003 (biggest jump), early 2010, and possibly in early 2014. The positive jump in the CH 4 anomaly difference near March 2014 also coincides with a jump in the N 2 O anomaly difference, both taking place after the March 2014 event. However, this apparent jump seems to fade within one year for both gases. We believe this might be caused by AIRS frequency shifts that occurred in the M-4a and M-4c detector modules after this event. Those frequency shifts 435 appeared to disappear within one year, and at present they are not corrected for in the AIRS L1c product. Table 5 lists the trend differences between AIRS and ESRL for CH 4 , showing trends differences that similar to those for N 2 O, presumably since both gases occur in the same spectral region.
SST Retrievals
The SST anomaly retrievals are compared to the ERA-I supplied SST (mostly OSTIA) and to NOAA's OISST operational SST 440 product. Although both of these SST products are tied to the ARGO floating buoy network, they are gridded SST products using interpolation derived from satellite data such as AVHRR.
A recent study (Fiedler et al., 2019) compared various SST products to the buoy network and found differences for OSTIA of 1.1 mK/year, and 7.8 mK/Year for OISST. This establishes a rough estimate of the differences in these products when evaluating them relative to our retrieved SST anomalies. Table 6 summarizes the AIRS minus (ERA-I and OISST) anomaly trend differences, computed using Eq. 1. The trend differences are quite small for both SST products. The (AIRS minus ERA-I) trend has the same magnitude as the trend derived 
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https://doi.org/10.5194/amt-2019-504 Preprint. Discussion started: 31 January 2020 c Author(s) 2020. CC BY 4.0 License. using CO 2 , but with the opposite sign. Overlap of the CO 2 and ERA-I SST within their stated uncertainty estimates is missed by 0.01K/decade, which is very small. The CO 2 and OISST trend estimates miss overlap by slightly more, 0.02K/decade. However, this overlap difference is small compared to the differences between OISST and the buoy network reported by 455 (Fiedler et al., 2019) .
Overall the excellent agreement of these two extremely independent assessments (CO 2 versus SST) to within 0.02K/decade is very encouraging given the complexity of the CO 2 measurement and the uncertainties in the SST product trends. affect each SST product identically. Agreement is quite good among all products in the northern hemisphere, while OISST is systematically lower than AIRS and ERA-I in the southern hemisphere. Also shown are the AIRS SST trends using only the short wave channels (gray curve), which are always higher than the long wave AIRS trends except at the highest latitudes and near the equator.
Unfortunately, the AIRS Level 2 retrieval algorithm only uses short wave channels for surface temperature retrievals (Susskind 485 et al., 2014) . A recent inter-comparison of surface temperature trends from the AIRS Level 2 retrievals to three established surface temperature climate products (Susskind et al., 2019) concluded that the AIRS surface temperature trends were 0.24 K/decade, slightly higher than GISTEMP's (Hansen et al., 2010) value of 0.22 K/decade, and significantly higher than the HadCRUT4 (Morice et al., 2012) and Cowtan and Way (Cowtan et al., 2015) values of 0.17 and 0.19 K/decade respectively.
The results presented here conclude that the AIRS short wave channels are drifting positive by about 0.058 K/decade relative 490 to the long wave channels, which appear to be in extremely good agreement with established SST climate products as discussed above. If we subtract this 0.058 K/decade AIRS short wave drift from the the AIRS 0.24 K/decade trend presented in (Susskind et al., 2019) we obtain a corrected AIRS trend of 0.18 K/decade, much more in line with the HadCRUT4 and C+W values. In this case GISTEMP is now the only outlier. A more straightforward way to validate the reported AIRS Level 2 surface trends reported by (Susskind et al., 2019) would be to directly compare them to other SST products such as OISST, but unfortunately 495 this was not part of the (Susskind et al., 2019) analysis. 
CFC12 Retrieval
All anomaly retrievals presented here included CFC12 retrievals. Although these are not used for quantitative assessments of AIRS radiometric stability, the retrieved CFC12 anomaly is shown in Fig. 17 for completeness. Excellent agreement between the AIRS observed CFC12 and the ESRL Northern Hemisphere measurements (ESRL). The linear trends derived from these 500 two curves are -2.94 ± 0.04 ppt/year for AIRS, and -2.93 ± 0.02 ppt/year for ESRL, nearly perfect agreement. These results
give us confidence that the SST retrievals have not been compromised by CFC12 contamination, since there are a number of channels sensitive to both. Note that the trend of~40 ppt of CFC12 derived here from AIRS is equivalent to only~0. The anomaly fit residuals provide a wealth of information on the behavior of each AIRS channel versus time. As stated earlier, unphysical shifts in the AIRS radiance time series can be reflected in either the retrieved geophysical anomalies or in the fit residuals. Jumps in the fit residuals will generally take place when the shifted radiances cannot be "adjusted away" by the BT Jacobians, which require a reasonably accurate physical response to radiance jumps. We believe that the anomaly retrieval approach presented here will allow objective corrections to AIRS radiances, especially for radiance jumps that can be tied to 510 instrument events. The excellent agreement between the CO 2 and SST anomalies and in-situ data strongly suggests that the AIRS blackbody is very stable, which is key to climate-level trend measurements.
There are several likely causes for some of the differences seen here between our observed anomalies and the N 2 O and CH 4 truth anomalies from ESRL. Shifts in the frequency calibration of AIRS (Strow et al., 2006; Manning et al., 2019) have largely been removed in the AIRS L1c product, although some transient shifts in the AIRS M-4a and M-4c arrays (that cover N 2 O 515 and CH 4 channels) have not yet been corrected in L1c (see (Aumann) ). The AIRS frequency shifts imply that detector views of the blackbody and cold scene targets have also shifted during the mission. While these shifts are very small, radiometric drifts/shifts could arise from these focal plane movements if the blackbody and cold scene targets are not perfectly uniform.
As mentioned in Sec. 5.4, shifts of interference fringes in some of the AIRS entrance filters when AQUA was restarted in Nov. 2003 may also contribute to the observed anomaly shifts. These fringe shifts have been modeled by the authors and future 520 work may include modification of AIRS radiances before Nov. 2003 to remove the effects of these small shifts in the instrument spectral response function.
Here we present several views of the AIRS anomaly fit residuals as examples on how future work might proceed to potentially correct the AIRS radiances for small remaining radiometric drifts/shifts. versus B-only drifts are largely cancelled when A+B channels are used. Since the SST retrievals are quite good, and because the surface channels near 1200 cm -1 agree with the A+B channels, we conclude that the A-only and B-only drifts are real, and possibly due to drifts, or offsets, in the exact part of the blackbody and/or cold target scenes observed by these detectors.
Since the N 2 O retrieved anomalies exhibit some small unphysical behaviors, we examine the fit residuals for the 24 channels (used in the retrievals) that are most sensitive to N 2 O. Visual inspection of these channel's residual time series clearly indicated 535 that 12 of them had easily identifiable features due to AIRS events. Figure 19 shows three different averages of these residual time series; (a) 12 good channels, with no strong evidence of AIRS events, (b) 12 bad channels which clearly exhibit jumps at the time of AIRS events, and (c) the mean time series for all 24 channels used in the anomaly fits. We see that the good channel These results illustrate a simple case for how the anomaly fit residuals can be used to improve AIRS trend products. In this work we have not looked for non-physical jumps in the retrieved temperature, H 2 O, and O 3 profile anomalies. These products likely exhibit some of these behaviors and need to be included in any comprehensive study to further improve the AIRS radiance stability. Some sort of iterative approach will likely be needed in order to ensure that these small remaining radiometric jumps become undetectable in both the retrieved anomalies and in the anomaly residuals. Table A1 shows the wavenumber ranges covered by each of the 17 AIRS arrays. Pressure (hPa) Figure B1 . Temperature kernels for the anomaly retrievals. These are taken from a random day for the zonal bin centered at 28.3 o N. Pressure (hPa) Figure B2 . H2O kernels for the anomaly retrievals. These are taken from a random day for the zonal bin centered at 28.3 o N.
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The temperature and water vapor retrieval kernels are shown in Figs. B1,B2 . They exhibit a very regular spacing in the troposphere with roughly 12 well-separated kernels. Figure B3 . Retrieved 400 hPa temperature anomalies versus latitude. Top: Our retrievals from the AIRS observations. Bottom: ERA-I anomalies. Figure B3 illustrates the 400 hPa temperatures we retrieved from the AIRS data (top panel) along with the ERA-I anomalies computed directly from the model fields. We do not expect these two data sets to compare perfectly, since for example, the ERA-I anomalies are from relatively large gridded data and the AIRS measurement are from a nominal 15 x 15 km field-ofview. Given the non-uniform sampling of our data set we do not think detailed examination of the observed versus ERA-I anomalies is warranted. We do note the there are many similarities in time and latitude that give some measure of validation to 605 our profile retrievals. Similar results are seen with water vapor profiles. Figure B4 . Temperature trends from the 16-year data period studied here. Left: ERA-I trends derived directly from the model temperature fields. Middle: Simulated retrievals of the ERA-I trends using radiance anomalies created from the ERA-I fields and our SARTA RTA. Right:
Temperature profile trends retrieved from the AIRS observed anomalies. The middle panel simulation assumes that RTA is perfectly accurate. Figure B4 summaries the temperature trend simulations and comparisons between ERA-I trends, our anomaly retrievals from the ERA-I generated radiances, and those observed with the AIRS clear subset. The trends are computed from the anomaly retrievals (or model fields) using Eq. 1, where the input is the layer temperature instead of a radiance.
These results have been slightly smoothed to make visual inter-comparisons easier. The left panel shows the vertical trends 610 versus latitude directly computed from the ERA-I temperature fields. The middle panel shows our simulated temperature trend retrievals. These simulations agree quite well with the ERA-I model fields, the largest differences are seen in the lower troposphere at the higher latitudes, and near the boundary layer in the tropics. The simulated retrievals are also placing the tropopause too high, not surprising given the lack of sensitivity of the infrared to the tropopause height and our limited number of vertical layers. The right panel are the temperature anomaly trends retrieved from the AIRS observed anomalies. Clearly 615 there are significant differences between the ERA-I temperature profile trends and those we retrieved from AIRS, although the basic structure is relatively similar. Note that the uncertainties in these trends are quite high in the stratosphere (not shown) due to variations in the quasi-biennal oscillation (QBO), especially in the tropics, with errors larger than the observed trends in the vicinity of the tropopause. However, these uncertainties are largely present in both ERA-I and the AIRS observations.
The AIRS observed anomalies may also be impacted by errors in the BT Jacobians. The middle panel in Fig. B4 used similar 620 RTAs for both simulations and the retrieval. The version of SARTA used for the radiance simulations is based on HITRAN2008
while the Jacobians used in the retrieval used kCARTA which is based on HITRAN2016 and a slightly modified version of CO 2 line-mixing. We expect that these spectroscopy differences have little impact since the CO 2 line strengths for the strong 15 µm bands have not changed between HITRAN versions. In addition, no noise was added to the simulated anomalies.
We believe that these results show that the anomaly retrievals used for measuring minor-gas trends exhibit realistic behavior 625 and given our simulation testing this retrieval approach is likely to give accurate minor-gas trends. The impact of some of the regularization choices are discussed in Sect.5.4.
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